ABSTRACT As part of a program to minimize the accidental transportation of Japanese beetles (Popillia japonica) through cargo aircraft to areas where they are not established, a 4-yr trapping project was initiated to study the relative distribution and dynamics of the beetles along a trap line around the Indianapolis International Airport. Land use inßuence on beetle abundance (trap catch) was assessed using a geographic information system. Trap catch was consistently high in some locations and low in others. In general, high trap catches occurred near agronomic land planted with corn or soybeans, which are both preferred hosts of adult beetles. Low trap catches generally occurred in areas lacking preferred host plants. The amount of agronomic land within 500 m of the traps was always positively correlated with trap catch. Average trap catches were highly correlated by location from year to year, indicating stability of the relative distribution of the beetles along the trap line. Because high trap catches consistently occurred in the same locations, it can be inferred that trapping can be an effective method to monitor Japanese beetle populations. Taking airport-owned agronomic land out of corn and soybean production near the cargo terminals may reduce beetle activity in these areas.
The Japanese beetle (Popillia japonica Newman) is an invasive species accidentally introduced into the United States around 1916. This insect is now established throughout the Midwest and eastern United States and continues to spread westward (Fleming 1963 , USDA/APHIS 2001 . Adult beetles are highly polyphagous, feeding on Ͼ300 plant species and are severe pests of ornamental plants and of fruit, vegetable, and Þeld crops (Fleming 1972 , Potter and Held 2002 , USDA/APHIS 2004 . The larvae (grubs) are destructive root-feeding pests of turf and other grasses. In the United States, control costs for these insects are estimated to exceed $460 million annually (USDA/APHIS 2004).
The 100th meridian (e.g., central Nebraska) is expected to be the western limit of the natural spread of Japanese beetles because the arid climatic conditions farther west are not suited to their development and survival (Fleming 1963 , Allsopp 1996 . However, parts of California, Oregon, and Washington are suitable for Japanese beetle establishment (Clair and Kramer 1989, Allsopp 1996) . Inadvertent introduction into western states through human transportation is of great concern because of the potential pest status of Japanese beetles in these regions (USDA/APHIS 2001).
On three occasions, Japanese beetles became established in California (1961 California ( , 1973 California ( , and 1983 ) but were successfully eradicated (Clair and Kramer 1989, Vittum et al. 1999) . Recently, populations of beetles were conÞrmed in both Utah and Oregon (Hodgson and Alston 2006, T.J.G., unpublished data) . To reduce the likelihood of further introductions, the transportation of nursery commodities, sod, soil, humus, compost, and manure from infested areas into seven western states is restricted. In addition, cargo planes ßying from generally infested areas may be closely monitored by the United States Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS) to prevent accidental transportation of the insects to uninfested areas (NPB 2000 , CDFA 2001 , Potter and Held 2002 , USDA/APHIS 2003 . During the adult stage when the beetles engage in ßight (late June to September), they are known to ßy onboard cargo airplanes through open cargo doors while the planes are loaded and unloaded.
The Indianapolis International Airport is one of several airports, located in areas generally infested with Japanese beetles, that is monitored by the USDA/ APHIS. Because of concern over increased beetle sightings near and in cargo planes at this airport, a variety of control measures were implemented to reduce the likelihood of beetle entrances into the planes and accidental transport to the western United States. In conjunction with these efforts, this 4-yr study was initiated to examine the relative distribution and dynamics of the beetle population along a trap line around the airport. The study was conducted in anticipation of gaining insights that could lead to new or improved control methods.
SpeciÞc objectives of this study were to (1) determine the relative abundance and distribution of the Japanese beetle population along the airport perimeter using baited traps, (2) assess the year-to-year dynamics of the population along the trap line, (3) assess the inßuence of six types of land use (i.e., agronomic, grass, meadow, forest, residential, and hardscape) surrounding the traps on the average seasonal trap catches (number of beetles captured in the traps), and (4) assess the inßuence of the six land use types downwind of the baited traps on daily trap catches.
Materials and Methods
During the summers of 1998 Ð2000, 37 or 38 Japanese beetle traps (Trece, Salinas, CA) were placed in 20 locations (separated by at least 0.2Ð1.2 km) along roads around the perimeter of the Indianapolis airport. Traps were set in the same locations each year. In 16 of the 20 locations, traps were paired; the traps in each pair were separated by 25Ð73 m. Single traps were set in three locations. In another location, three traps were clustered (except in 1998 when one of the three traps was missing). In 2001, only 14 traps were set. These traps were placed near the air cargo terminal in trap locations of previous years (Fig. 1) . The coordinates of trap locations were obtained using a differential global positioning system (GPS; Trimble AgGPS 132; Trimble Navigation, Sunnyvale, CA).
Traps were baited with 0.5 ml of ßoral lure (1:2:1 mixture of phenethyl propionate, eugenol, and geraniol) on a cotton ball. The lure was changed every 2 wk or after heavy rain. Traps were emptied daily (between 1500 and 1700 hours EST), except on weekends, and the approximate number of beetles was recorded. The number of beetles in the traps was estimated volumetrically in 1998 Ð2000 and by weight in 2001. The method of estimating beetle numbers was changed in 2001 because estimates by weight were found to be more precise than volumetric estimates, based on preliminary data collected at the end of the 2000 season comparing volumetric and weight estimates of beetle number.
The average seasonal catch for each trap was calculated for each year using data collected between early July and mid-August. However, if on any date during this interval trap catch data were missing or no beetles were caught in one or more of the traps, all data for that date were excluded from the calculation. Pearson correlation analysis was performed to assess the relationships of the average seasonal trap catches among years (PROC CORR, SAS Institute 1999) . This analysis was conducted to provide insight into the year-to-year dynamics of the Japanese beetle population along the trap line. An ortho-rectiÞed panchromatic (i.e., black and white) aerial image of the airport, with 0.31-m (12 in) spatial resolution, was obtained and imported into a geographic information system (GIS; ArcView 3.2; Environmental Systems Research Institute [ESRI], Redlands, CA). The trap coordinates were also imported into the GIS. To assess the inßuence of land use on trap catch, six broad land use classes were selected to characterize all the land around the airport. These included (1) agronomic (corn and soybean Þelds), (2) grass (mainly high-mown grassy areas along roadsides and between runways), (3) meadow (primarily unmown grass and weeds), (4) forest, (5) residential (e.g., housing subdivisions), and (6) hardscape (e.g., paved areas and commercial structures). Land features within 500 m of the traps were manually digitized from the aerial image in ArcView and classiÞed into one of the six land use classes (Fig. 1) . If a land use classiÞcation could not be unambiguously assigned to a particular feature using the imagery, a correct classiÞcation was obtained by visiting the site or by comparing to natural-color aerial photographs from 1997, 1999, or 2000. A separate land use classiÞcation was created for both 1999 and 2000 to incorporate changes in land use that were discovered on the aerial photographs. Because aerial photographs were not available for 1998, the 1999 classiÞcation was used for that year. Comparison of the 1997 and 1999 aerial photographs showed very little change in land use; therefore, it was assumed that the 1999 land use classiÞcation provided an adequate description for both years. A land use classiÞcation was not created for 2001 because too few traps were set to adequately assess the inßuence of land use on trap catch.
Assessment of Average Seasonal Trap Catch and Land Use. We tested the inßuence of land use on the average seasonal trap catches for each season by comparing average seasonal trap catch with the amount (i.e., area) of the different types of land use surrounding each trap, out to a given radius. However, because grouped traps in a given trapping location were not necessarily independent from one another, we did this analysis based on trapping locations and not individual traps. SpeciÞcally, when traps were grouped in a given location, the value assigned to that location was the average of the seasonal average trap catches of the traps in that location. For a location with a single trap, the average seasonal trap catch for that trap was assigned to that location. Metzger (1936) and Fleming et al. (1940) suggested that the distance of attraction to a baited Japanese beetle trap is 274 Ð 457 m (300 Ð500 yd). The results of a mark-release-recapture study suggest that the range of daily beetle ßight activity frequently extends 500 m and occasionally beyond (Hamilton 2003) . Based on these reports, it was assumed that the type of land use beyond 500 m of the traps would not signiÞcantly inßuence trap catch. However, because it was not known for certain that the distance of inßuence of the land use extended to 500 m, shorter distances were also evaluated.
To quantify the amount of each type of land use surrounding the traps, circular buffers were created around each trap (in ArcView), with radii ranging from 100 to 500 m, in 100-m increments ( Fig. 2A) . The set of buffers was intersected with the land use classiÞcation theme, and the total area of each land use class within each buffer was computed (Fig. 2B ). For trapping locations with grouped traps, the areas of each land use class within the buffers of all traps in the group were averaged. Pearson correlation analysis was performed to assess the relationship between the average seasonal trap catches of the 20 trapping locations and the amount of each type of land use within the buffers of the trapping location for 1998 , 1999 , and 2000 SAS Institute 1999) .
At the larger buffer radii, buffers from traps in neighboring trapping locations sometimes overlapped. To determine if the correlations between average seasonal trap catch and land cover would hold for trapping locations given nonoverlapping buffers, we employed the Focus program, developed at the Geomatics and Landscape Ecology Research Laboratory of Carleton University (Ottawa, Ontario, Canada). Focus examines the strength of correlations using multiple sets of spatially independent sites at different spatial scales (Holland et al. 2004 ). The software can be down- (Fleming 1969 ). An analysis was conducted to assess the relationships between daily trap catch and land use downwind of the traps, from where the beetles are attracted. Again, because grouped traps were not necessarily independent from one another, we did this comparison for trapping locations and not individual traps.
To reduce "noise," or excessive variability in the data for this study, only days with relatively stable weather conditions conducive to beetle activity were included in the analysis (Hawley and Metzger 1940 , Fleming 1972 , Lacey et al. 1994 . Archived hourly weather data (Automated Surface Observing System [ASOS]) from a weather station at the Indianapolis airport were obtained to identify days having relatively stable weather conditions conducive to beetle activity. Days included in the analysis met all of the following conditions between 1000 and 1600 hours EST (the period of greatest beetle activity): (1) angular SD (a measure of angular variability analogous to the traditional SD) of wind direction Յ20Њ (Zar 1998), (2) air temperature Ն21ЊC, (3) cloud cover never Ͼ90%, (4) cloud cover of 50 Ð90% reported for no more than two of the hourly observations, (5) no rainfall, (6) variable wind direction reported for no more than two hourly observations, (7) zero wind speed reported for no more than two hourly observations, and (8) wind speed Ͼ24 km/h reported for no more than two hourly observations. In addition, a particular day was included only if the traps were emptied at the normal time the previous day.
Lure from baited traps volatizes and is carried downwind, typically in a relatively narrow, undulating path (Elkinton and Cardé 1984, Murlis 1986) . Given the restrictions imposed on daily wind conditions for this study (i.e., angular SD Յ 20Њ), it was assumed that, during the course of a day, the volatized lure plume would wander throughout, but primarily within, a 40Њ area of dispersion extending downwind of the traps. The active odor space (i.e., region of the plume where concentrations of the lure are sufÞciently high to elicit a response from the Japanese beetles) was assumed to extend at most 500 m downwind of the traps, based on the Þndings of Fleming et al. (1940) and Hamilton (2003) . Therefore, 40Њ slices extending from the traps to at most 500 m, referred to hereafter as either plumes or plume representations, were adopted as the regions of attraction for further analysis (Fig. 3) .
Wind direction for each day was deÞned as the direction midway between the minimum and maximum wind directions during the time interval from 1000 and 1600 hours EST. For each day having acceptable weather conditions (as described above), 40Њ plumes ranging in length from 100 to 500 m, in 100-m increments, were placed at each trap location in ArcView. The various plume lengths used for this analysis were selected using the same rationale described in the previous section. The plumes extended downwind from the traps and were aligned along the axis of the wind direction for each day (Fig. 3) .
For 1999 and 2000, the set of plumes for each day meeting the prescribed weather criteria was intersected with the land use classiÞcation theme (Fig. 3) and the total area of each type of land use within each plume was computed. The 1998 data were excluded because of the difÞculty of Þnding enough days with acceptable weather conditions. For each trapping location with grouped traps, the areas of each type of land use within the plumes of all traps in the group were averaged. Similarly, an average daily trap catch was computed from the daily catches of all traps in a group. Pearson correlation analysis was performed using data from the 20 trapping locations, for each suitable dayÕs data, to assess the relationship between trap catches for the day and the area of each type of land use falling within the trapsÕ plumes on that day (PROC CORR; SAS Institute 1999). The proportion of days on which a signiÞcant correlation was identiÞed was calculated for each land use class. In addition to analyzing each dayÕs data separately, the data from all days were pooled together, and Pearson correlation analysis (PROC CORR; SAS Institute 1999) was performed to assess the relationship between the daily trap catches of all trapping locations and the amount of each land use class within the corresponding plumes of the trapping locations.
To determine whether the correlations between land use and beetle catch would hold for trapping locations given nonoverlapping plumes, we again used the Focus program. However, in this case, the number of spatially independent trapping locations for the correlations between beetle catch and the land cover within a downwind plume is higher than for the analyses using circular buffers. The land cover measured within the plumes extends out the same distance from the traps as the buffer radii, but the plumes are unidirectional. This means that the constraint for spatial independence will be halved, or that the traps may be separated by one buffer radius for the plumes rather than two radii for nonoverlapping buffers.
Results
Every year, traps in certain locations consistently caught more beetles than traps in other locations. The highest trap catches per day and year were up to nearly 170 times greater than the lowest trap catches (Table 1) . Average seasonal trap catches were highly correlated by location from year to year, with high and low trap catches consistently occurring in the same or approximately the same locations each year (Table 2 ; Fig. 4) .
Average Seasonal Trap Catch and Land Use. In 1998 and 1999, correlation analysis between the average seasonal trap catches of the 20 trapping locations and the areas of the land use classes within circular buffers around the traps showed consistent and signiÞcant positive correlations with the amount of agronomic land (Fig. 5) . Additionally, there was a signiÞcant negative correlation between average seasonal trap catch and the amount of hardscape at a 100 m radius. In 1998, signiÞcant negative correlations were found between the average daily trap catch and the amount of grass within all circular buffers. SigniÞcant positive correlations between average seasonal trap catch and the amount of residential area within the 100 and 200 m radii buffers were also found in 1998. In 2000, no signiÞcant correlations were found between average seasonal trap catch and any of the land use classes. However, the trends in the correlations were similar to those observed in the previous 2 yr (Fig. 5) .
At the largest buffer size of 500 m, the Focus program was able to select sets of seven or eight trapping locations with nonoverlapping buffers. We therefore ran the analyses with seven trapping locations per iteration and used 1,000 iterations at each spatial scale to identify the mean correlation between log 2 -transformed trap catch in each year and each land cover type measured in 1999 (for 1998 and 1999 trap catch data) and 2000 (for 2000 catch data). These analyses corroborated our previous results in that the effects of all land covers at all spatial scales were very consistent across years. There was a strong positive correlation between the amount of agronomic land cover and beetle abundance. This correlation was fairly consistent across all buffer radii and was strongest in 1998, with a correlation coefÞcient between 0.58 and 0.63 at scales of 200 Ð500 m. This analysis also revealed that the amount of residential cover within 100 m was positively but not signiÞcantly correlated with the beetle catch in 1998 (r ϭ 0.64), but this correlation dropped precipitously to be close to 0 at all scales beyond 100 m in all years.
Despite the relatively high correlation coefÞcients identiÞed in the Focus scaling analyses, few of these translated into statistical signiÞcance. This is undoubtedly because with the sample size of seven nonoverlapping points, the critical correlation coefÞcient is quite high. Given that the sampling points for this study are constrained to occur within the immediate area around the airport, a larger sample size of spatially independent points was not possible. To examine whether the lack of signiÞcance was caused only by the low sample size imposed by the area of the airport and consequent small distance between traps, we ran the Focus analyses with sample sizes of 10, 15, and 20 trapping sites in each correlation for the 1998 data. We did this allowing an increasing amount of overlap between buffers within Focus (decreasing spatial constraint). Figure 6 shows that with the sample size increased to 20 trapping sites, the mean correlation test statistic became signiÞcant for most of the same trends identiÞed in Fig. 5 . Agronomic land cover was positively correlated with trap catch, especially at larger spatial scales (Figs. 5 and 6A ). Grass cover showed signiÞcant negative correlations at all spatial scales with a sample size of 20 points (Fig. 6B) . Hardscape at smaller spatial scales showed signiÞcant negative correlations with trap catch (Figs. 5 and 6C ). Residential cover was not found to be signiÞcantly related to trap catch at any scale or sample size (Fig.  6D) .
Daily Trap Catches and Downwind Land Use. Correlation analysis of daily trap catch and the land use area falling within the daily plumes for the 20 trapping locations also showed positive correlations between trap catch and agronomic land (Fig. 7) . Although positive correlations with the agronomic land area were not found on every date tested, they were found on 11Ð50% of the days for all plumes in both 1999 and 2000, except for the 500-m plumes in 2000. Correlations between daily trap catch and the amount of other types of land use were generally infrequent and/or inconsistent across years and plume lengths. However, positive correlations with residential land and negative correlations with the amount of grass occurred somewhat frequently in both years. For 100-m plumes, negative correlations with hardscape were also found in both years. In 2000, positive correlations were found between daily trap catch and the amount of meadow and forest (Fig. 7) .
When correlation analysis for the 20 trapping locations was run with the daily trap catch data from the selected days pooled together, signiÞcant positive correlations were again consistently found between the daily trap catch and the amount of agronomic land within the plumes (Fig. 8) . In 2000, signiÞcant negative correlations were frequently found between the daily trap catches and the amount of grass within the plumes (Fig. 8) . Using the Focus program, we determined that it was always possible to select at least 14 sites that were separated by 500 m. Because the plumes extend the same direction away from all traps on a given day, the number of independent plumes will actually be closer to 19 on most days (Fig. 3) . We therefore do not expect that pseudoreplication was a large factor in the plume analyses for the 20 trapping locations.
Discussion
In this study, average seasonal trap catches were highly correlated by location from year to year, indicating that the relative distribution of adult beetles in traps along the trap line was quite stable over the 4 yr of the study. High and low trap catches were consistently associated with speciÞc sites or localized geographic areas that were predictable from year to year. These Þndings suggest that stable aspects of the spatial environment of the airport exert a considerable inßu-ence on the spatial distribution of the beetles. It can also be inferred that trapping, using baited Japanese beetle traps, is a consistent and effective method of monitoring Japanese beetle populations.
Population abundance, distribution, and movement of Japanese beetles, like other insects, are inßuenced by the spatial and temporal structure of the environment in which they are found (Whittington et al. 1942 , Schwartz 1968 , Fleming 1972 , Ré gniè re et al. 1983 , Jonsen and Fahrig 1997 , Dalthorp et al. 1999 , 2000 . Landscape characteristics such as soil type, land use, distribution of host and nonhost plants, distribution of suitable oviposition sites, soil moisture content, and natural enemies all affect the density, distribution, and movement of Japanese beetles (Whittington et al. 1942 , Schwartz 1968 , Fleming 1972 , Ré gniè re et al. 1983 .
At the Indianapolis airport, the speciÞc aspects of the environment inßuencing the beetle distribution cannot be unequivocally determined from the study. However, of the six types of land use evaluated, agronomic was most strongly and consistently correlated with trap catch, suggesting that its presence, or aspects of the land it occupies, inßuences beetle abundance in those areas. Several aspects of agronomic land use could contribute to the observed increased beetle abundance. In particular, agronomic land near the Indianapolis airport was planted in either corn or soybeans, both of which are preferred hosts of adult Japanese beetles (Hawley and Metzger 1940) . The beetles are also known to lay their eggs in Þelds of both crops, leading to high grub densities by fall (Langford et al. 1944 , Gould 1963 ). Higher water retention in corn and soybean Þelds from the shading of dense canopies may make these areas more favorable for oviposition and grub survival than less shaded, and hence drier, areas such as the high-mown grassy areas around the airport. Also, fencerows surrounding the Þelds are generally occupied by plants such as smartweed (Polygonum spp.), which are preferred hosts of adult beetles that attract and sustain beetle populations (Gould 1963) .
Other stable aspects of the spatial environment around the airport could likewise contribute to the uneven, yet relatively stable distribution of beetles among traps. These could include the presence or absence of other preferred host plants, the distribution of soil types preferred for oviposition, and the presence (or absence) of water-collecting depres- sions and moister soils along streams and drainages that favor oviposition and grub survival.
Interestingly, grass was negatively correlated with adult beetle trap catch. Although grassy areas are generally considered preferred oviposition sites for Japanese beetles, grass alone does not make a site attractive. Other factors are also important. For example, the soil must be moist and preferably moderate-textured (Fleming 1972 , Ré gniè re et al. 1979 , 1981 , Allsopp et al. 1992 , Potter et al. 1996 . In addition, areas with closely cut or grazed grass (especially maintained turfgrass) are favored over areas of taller grass. Areas in close proximity to adult feeding sites are favored over those farther away (Hawley 1944 , Fleming 1972 , Potter et al. 1996 .
In this study, the vast majority of the land characterized as grass was mowed infrequently, not closely cut, and was often far from host plants preferred by adult beetles. In addition, vegetation in these areas (especially between runways) was observed to senesce sooner than vegetation in other areas (e.g., agronomic land), suggesting a more rapid loss of soil moisture than in other areas. It is possible that reduced soil moisture content would deter the beetles from laying their eggs in these areas. Sampling for Japanese beetle grubs in the grassy areas between runways at the Indianapolis airport revealed very few grubs (T.J.G., unpublished data). It would seem, therefore, that the land characterized as grass in this study would not support or attract large numbers of beetles. Schwartz (1968) observed a similar pattern of low trap catch in turf areas and higher catch in areas near hosts preferred by adult beetles.
Although the negative correlation with grassy areas is biologically logical for this study, it should be noted that this correlation could be an artifact resulting from the fact that signiÞcant negative correlations existed between agronomic land and grass land (r ϭ Ϫ0.46 to Ϫ0.93) in all cases. In other words, when large amounts of agronomic land were present within a particular plume, large amounts of grass land were not likely to be present within that same plume. Negative correlations with hardscape also make sense biologically because these areas would neither attract nor sustain beetles or grubs.
Although correlations identiÞed using the Focus program for spatially independent buffers were not statistically signiÞcant given the small sample size, the trends corroborated the results of our other analyses. In particular, the effects of all land covers at all spatial scales were consistent across years, and strong positive correlations between the amount of agronomic land and beetle abundance were found. The strong correlation between residential areas and beetle catch for 100-m buffers is rather interesting. Because this correlation fell off rapidly beyond 100 m, it may be a localized effect of residential areas near some of the traps. Overall, the residential cover type was sparse in the study area. Therefore, at longer radii, the effect of residential areas was likely overwhelmed by the abundance of other cover types.
Because the distance of inßuence of land use on Japanese beetle trap catch was unknown, all analyses in this study were conducted with buffers or plumes of varying radii. From this study, the distance of inßuence cannot be determined. However, because of signiÞcant positive correlations with agronomic land out to 500 m, it seems that land (and associated beetles) as far away as 500 m from a baited trap may inßuence or contribute to the trap catches. This distance is consistent with the results of the mark-release-recapture study conducted by Hamilton (2003) . This result, coupled with the consistent correlation between trap catch and agronomic land, suggests that taking agricultural land out of corn and soybean production within at least 500 m of the air cargo loading terminals at the Indianapolis airport may signiÞcantly reduce the number of beetles entering the cargo planes. Because much of the agricultural land surrounding the airport is owned by the airport, a change in cropping practices could be a viable option. 
